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Introduction 
  i 

A mathematical model, with a computer implementation, has been 
developed to simulate the production lines at Watervliet Arsenal. 
The model takes a description of the steps required to transform 
raw material into a finished product and a list of the machines 
and workers available for production. From these data, the model 
will predict such things as: 

1. The output of the line in number of items produced per month. 

2. Utilization of machines and workers. 

3. Areas where the number or quality of machines and/or workers 
is not adequate to meet desired production goals. 

Description of the Mathematical Model 

Raw material is transformed into a finished product by subjecting 
it to a well-defined sequence of operations. The operations are 
performed by means of equipment operated by workers. Some pieces of 
equipment will occasionally go down, either for scheduled maintenance 
or to correct an unscheduled failure. Each worker, because of 
physical constraints and his experience and skills, can only perform 
certain tasks. Furthermore, workers do not work all day; at some 
point, they leave and are replaced by a new shift. 

The mathematical model is an abstracted, idealized version of 
the above. The model has five key elements which we will examine in 
detail: items, production processes, facilities, workers and queues. 

The items are the things being produced. They arrive at the 
plant in a raw state and are then converted into finished products. 

A production process is a list of steps, or operations, performed 
in a certain sequence. There may be more than one production process, 
in which case the different processes correspond to different end items, 
For example, a given plant may produce two products; let us call them 
"widgets" and "gadgets". The widgets may have a production process 
that could be represented schematically as follows: 

i 

A — B ► C ► D 
This means that the raw widget goes through steps A, B, C and D in 
that order. At the end of step D, the widget is finished and ready 
for shipping. The gadgets, on the other hand, may have a production 
process given by the diagram: 

E v F >  G  * H 



On arrival at the plant, each raw item is marked as to whether it 
will ultimately become a widget or a gadqet. A widget cannot be 
transformed in mid-orocess to a gadget. 'Once a raw item enters the 
widget process, it must complete the widget process, in exactly the 
order specified for widgets. 

The definition of the processes is somewhat freer than the above 
examples imply. There is provision, for example, for alternate 
routes. For example, we might have a production process represented 
by: 

75%  - D  v E 

^   B  - C : .7" ," G - •■ H 

25% ^-""^ F ^ 

Now 751' of the items pass through steps D and E after step C, 
while 25% of the items pass through step F. 

Facilities 

The facilities are the pieces of equipment used to perform the 
operations in the production processes. For each step in a production 
process, there is a list of alternative facilities that can be used to 
perform the operation of that step. So the widget process above 
would be more fully described by: 

1    2,3   4   1,3 

A   - B  - C  > D 

Here we have four facilities, labeled 1 through 4. Step A 
requires the use of facility 1. Sts? B can be performed either with 
facility 2 or facility 3. Step C requires facility 4, and step D 
requires either facility 1 or facility 3. It is permissible for one 
facility to be used in more than one step. It is also possible to 
mix and match". In the diagram above, for example, either facility 2 

or facility 3 can be used in step B, but facility 2 cannot be used in 
step D, even though facility 3 can be used in that step. Note that 
when several facilities are listed for a step, they are assumed to be 
in parallel; that is, any one of the facilities alone will suffice to 
complete the step. 

Associated with each facility used in a step is a process time. 
This is the time in hours required to complete the step using that 
facility. A fuller description of the process shown above might be- 



1 (2.0)    2 (1.5)    4 (3.0)    1 (1.5) 
3 (1.3) 3 (1.3) 

A       ■ B       ■- C       ^ D 

The numbers in parentheses are the process times. Note that a 
facility used in several steps may have different process times and 
that a step with several facilities may have different process times 
for each facility. 

For the purposes of our model, we envision each facility as being 
enclosed in a box with two doors, one labeled "in" and the other 
labeled "out". An item enters the box through the in door, is worked 
on by the facility and exits the box through the out door. Only 
those items that are being operated on by the facility are in the box. 
Items cannot wait for service in the box. 

The box analogy leads to a convenient way of describing the 
facilities. Some facilities can operate on only one item at a time, 
but others can process items in batches. So we envision the items as 
entering the box in batches. A batch, of course, may consist of only 
one item. Each facility has a maximum and a minimum entry. The 
minimum entry is the smallest number of items in a batch allowed to 
enter the box. The maximum entry is the largest number of items in a 
batch allowed to enter the box. Each facility also has a maximum 
capacity. The maximum capacity is the largest number of items that 
can be in the box at one time; that is, the maximum capacity is the 
largest number of items that the facility can handle at one time. 

Let us also envision that the in doors of each box have locks on 
them. At certain times, the door may be locked and then no batches 
can enter until the door is unlocked. We can classify all facilities 
into two types: locking and unlocking. For locking facilities, the 
door is automatically locked every time a batch enters and is not 
unlocked until the batch leaves. Locking facilities are, therefore, 
those that can process only one batch at a time. Unlocking facilities 
are those that can process several batches simultaneously. For 
unlocking facilities, the door is locked only when the entry of another 
batch would force the facility above its maximum capacity. Otherwise, 
batches meeting the minimum entry requirements may enter freely. 
(A batch which is too large is broken down into smaller batches so the 
maximum entry requirement is never in itself a bar to entry. The 
maximum entry only places an upper bound on the number of items 
entering at any one time.) 

A few illustrations might clarify these points and show how some 
situations can be handled in terms of the model. 

a. Lathe. A widget is to be machined on a lathe at some point 
in its production process. The lathe can operate on only one item at 



Minimum entry: ] 

Maximum entry: ] 

Maximum capacity: 1 

Locking/unlocking: locking 

fho Kr~i+    v.ui.vcjfui uen,.  uecauie of size and •.■.':l-1^n
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Minimum entry: 1 

Maximum entry: 1 

Maximum capacity; 20 

Locking/unlocking: unlocking 

Minimum entry: 8 

Maximum entry: 10 

Maximum capacity: 40 

Locking/unlocking: unlocking 

at the dock. Since no widgets can "enter" the truck while it is 
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enroute, the truck is locking. Since the truck can operate on no 
fewer than ten widgets at a time, the minimum entry is ten. In model 
terms, the truck may be described: 

Minimum entry: 10 

Maximum entry: 30 

Maximum capacity: 30 

Locking/unlocking: locking 

The majority of facilities used at Watervliet Arsenal are like the 
lathe described above: chey are locking and have minimum entry, 
maximum entry end maximum capacity equal to one. 

Failure and Maintenance 

Some facilities occasionally breakdown or must be taken out of 
service for a scheduled maintenance a tion. The model at present 
does not distinguish between planned and unplanned outages. When- 
ever a facility is taken out of service, the facility is said to have 
experienced a "failure" and the actions necessary to bring the facility 
back into service are called "maintenance" or "repair". Note that 
the term "failure" is used somewhat differently than it is normally 
used in reliability theory. In the model, a "failure" is any 
occasion when the facility is taken out of service, while in 
reliability theory, outages for scheduled maintenance are not 
considered failures. 

The pattern of failure and maintenance actions is described by 
two numbers: the mean operating time to failure (MOTTF) and the mean 
time to repair (MTTR). The MOTTF is the average time that the 
facility is actually in use between successive failures. The MTTR 
is the average time required to bring the facility back into service 
after a failure. The MOTTF is a measure of how often the facility 
fails, while the MTTR is a measure of how long the.facility is out 
after a failure. 

In the model, failure and maintenance times are always random. 
At present, provision is made only for exponentially distributed 
random variables, but the exponential distribution seems to give a 
reasonable approximation to real-life breakdown data for some 
Watervliet equipment examined by the author. In the computer 
implementation of the model, random variables are generated with the 
required means for both operating time to failure and time to repair. 



The MOTTF and MTTR should be estimated from historical data, so 
we will briefly indicate here how to estimate these quantities. 
Examine the usage and maintenance data of the facility over whatever 
time period such data are available. Add up the number of hours the 
facility was actually operated; this is the total operating time. 
Add up the total number of hours that were spent maintaining the 
facility; this is the total repair time. Count the total number of 
failures. The estimates of MOTTF and MTTR are given by: 

Mn c  _     total operating tine 
MUIIh  '     number of failures 

J,JJR  _     total repair time 
number of failures 

WcrKers, Crews and Shifts 

Workers are the people who operate and maintain the facilities. 
In the model, there is no hard and fast distinction made between 
operators and repairmen. It is possible to specify that a given 
worker may be assigned to either operating or repair. 

Workers are organized into "crews" and "shifts". Each crew has 
the responsibility for certain tasks and, in a sense, is defined by 
the tasks assigned to it. A task assigned to a given crew can be 
performed only by a member of that crew. Conversely, a worker can 
perform only those tasks assigned to his crew. Every worker is 
assigned to only one crew. There is no overlap among crews. However, 
within a crew, each worker is considered interchangeable with any 
other member of his crew. In order words, if any crew member Is 
qualified to perform task X, then all the members of his crew are 
qualified to perform task X. 

Some facilities (e.g., automated machines) do not require 
operators. Some facilities may require more than one operator. Both 
of these situations are accepted by the model. Each facility that 
requires operators must be assigned an operator crew. This is the 
crew that operates the facility. Each facility that can fail must be 
assigned a repair crew. This is the crew that has responsibility for 
maintaining the facility. It is permissible for one crew to be 
responsible for both operating and maintaining the facility. It is 
permissible to specify that a facility requires no repairmen or more 
than one repairman for a maintenance action. Note also that there is 
an implicit assumption that each facility can be operated by members 
of only one crew and similarly for maintenance. 

i 
The crew concept is a way of modeling the division of workers by 

skill and location. The shifts model the behavior of workers over 
time. Normally there are three shifts, although the model makes no 
assumptions about the number of shifts. There are special actions that 
occur at a shift change that will be discussed below. 



Queues 

The last major element of the model are the queues. There is one 
queue for each stc-p in each production process. The queue is a 
holding area for items waiting to be serviced by a facility specified 
for that step. The queues are assumed in the model to be as large 
as they need to be. More will be said of queues below. 

The Movement of Items 

The totality of facilities, steps, workers and queues will be 
called the "system". In a sense, a manufacturing plant is like an 
obstacle course. The items must move through the plant in the least 
amount of time possible but they must follow certain courses. 
Obstacles are continually placed in the way: a machine goes down, or 
ther° are not enough workers to handle all the items. 

The raw items enter the system at a predefined rate (for example, 
50 widgets and 25 gadgets per day). Each raw item is assigned to a 
production process, which is essentially a road map telling how the 
item is to move through the system. For each step there is a list 
of facilities; the item has the option of "visiting" any one of these 
facilities. It stays at the facility a certain length of time (the 
process time) and then moves on to the next step, until finally the 
item has completed all steps and exits the system. 

It is quite possible that as the items move through the system, 
there are conflicts on the resources of the system. For example, 
there may be several items that could all ha  serviced by the same 
facility but not simultaneously. A rule is needed for deciding 
which items are to be serviced first. 

Each item type is assigned a priority. For example, we may 
give widgets first prior" y and gadgets second priority. The model 
allows for different types to have the same priority, 1f desired. 
There are two rules for scheduling service: 

(1) Higher priority items are serviced before lower priority items 
if possible. 

(2) If there is a conflict between items of the same priority, 
then the one that has been waiting the longest for service gets it 
first, if possible. 

As an illustration, consider the following situation: widgets 
and gadgets are moving through the system. At step Y, widgets must 
be operated on by Facility X. At step Z, gadgets must be operated on 
by Facility X. Facility X can operate on only one item at a time and 
both widgets and gadgets have a process time of one half hour on 
Facility X. Facility X is the only facility listed for these steps 



and is listed for no other steps. Widgets have higher priority than 
gadgets. We assume for the moment that there are sufficient workers 
in Facility X's operator crew that there is always an operator 
available when Facility X needs one. 

Let us start observing Facility X at 9:00. There are one widget 
and five gadgets waiting for Facility X. Facility X has just completed 
operation on an item and is ready to accept another item. There are 
six items from which Facility X could choose. It selects the one of 
highest priority, the widget, and  begins work on the widget. At 9:15, 
a widget arrives from another step. The widget cannot "enter" 
Facility X (it is locked) and there are no alternatives. The widget 
then enters the queue for Step Y and waits there. At 9:25, a gadget 
arrives. There are already gadgets in the queue for Step Z and so 
the new gadget is put into the queue behind the five already there. 
At 9:30, Facility X is done with the widget. The widget leaves 
Facility X and goes on to its next step. Facility X now looks around 
for more work. There are seven possible items that it could work on. 
It selects the one of highest priority, the widget, and begins work 
on it. Nothing more happens until 10:00 when Facility X is done with 
the widget. Again it looks for more work.- There are six gadgets 
waiting. All have the same priority, so Facility X selects the one 
that has been waiting the longest and begins work on it. 

The scheduling can be affected by Facility X failing. If a 
facility fails, it cannot operate on any items until it is restored to 
service. 

Furthermore, as seen later. Facility X may lose its operators if 
its operator crew has higher priority jobs elsewhere. In that case, 
all items desiring Facility X must either wait until Facility X's 
operator crew has completed all higher priority jobs or else find an 
alternative. 

The Shift Change 

At shift change, all the workers leave (with the 6ne exception 
noted below) and a new set of workers arrives. These new workers 
must be assigned jobs and the assignment requires some rules, for 
there may not be enough workers to do all the jobs that require doing. 

Before going into how the workers are assigned, let us describe 
what happens to the jobs in process at shift change. Jobs are divided 
into two categories: continuous and halting. Halting jobs are those 
that can be stopped at any time and then be resumed later after 
possibly some delay. Continuous jobs are those that, once started, 
must be completed with no interruption. 

At shift change, all halting jobs are halted. If the job is an 
operation, then the items on the halted facility remain in the 
facility and are not returned to queue. 

8 
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WWPS I  f! ted JObJ
1S reiumed'   ^ is taken up from the point 

where the ha t occurred. For example, if a job requires one man- 
hour to complete, then exactly one man-hour will be expended on that 
job. regardless of how often the job is halted and resumed. 

-. .—„„ j^^^ „j   n.c, MaLure (.dnnot oe stopped. So the rir<;t 

ZlTu0^  1nCOmi?9 Shift is t0 re1ieve al1 workers 0° «!ntiSs jobs. If there are not enough workers to do this, then as many 
workers as requTred from the outgoing shift are detained so that all 
active continuous jobs are covered. The detained workers are released 
at the earliest opportunity. reieasea 

Any workers remaining after continuous jobs have been covered are 
assTgned to jobs in the following order: ^verea are 

(1) Finishing halted maintenance jobs. 

(2) Finishing halted operating jobs. 

(3) Beginning new maintenance jobs. 

(4) Beginning new operating jobs. 

At all times, the usual priority rules are followed: items of 
higher pnonty are serviced before items of lower priority, whenever 

waJtSni'ihp"? ^ ltem 0f-the Sam priorit^ those which have been waiting the longest for service are serviced first, whenever possible 
Workers and facilities are always kept as busy as possible  p0SS1Die' 

Assigmrent of Workers During Shift 

f,™ ^"•V0'3..1'5 comPleted' the worker(s) on that job are released 
S JK J$b.a"d are ass-'gned to a new. possibly different job. The 
priority of job assignment during shift is the same as that at shift 
change, except that during shift continuous jobs are treated no 
differently than halting ones. 

Computer Implementation 

The computer program PRDLN has been developed to exercise the 
model for a real or planned production line. Input data to the 

I ' program ccmsists of descriptions of the production processes, 
facilities and workers. Output from the program includes production 

I . nu9^5' .„ Jty and worker usage, and queue data to identify 
bottlenecks in the system. Preparation of the input data is 

gSIs A^pendTB!' ^ ^ eXamPle *"*  explanation of the 0^ ^ 



Conclusion 

The model and its computer implementation have been tested with 
^nJart^v results on real-life data from Watervnet Arsenal.    The 
Sdel was able to identify problem areas correctly, and to give 
reasonable predictions for production figures. 

One oractical  limitation of the model is that for a large 

1& results consonant with real life sUMtions. 

JSk 
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APPENDIX A 

INPUT DATA FOR PROLN 

General 

The input data for program PRDLN are normally placed on standard 
punched cards. The cards are arranged physically into files, each of 
which will be described in detail below. 

As PRDLN is written in the FORTRAN language, standard FORTRAN 
input concepts are used. For those unfamiliar with such concepts, we 
will give here a brief summary of the information needed for PRDLN 
input data. 

A field is a set of contiguous card columns where a piece of data 
is punched. PRDLN uses three types of data fields: literal, integer 
and real. 

In a literal field, any valid characters, including numbers, 
letters, punctuation signs and blanks, may appear in any order. The 
order in which the characters appear is significant, as is the place- 
ment of the characters in the field. If the program is to recognize 
two literal fields as being identical, they must be completely 
identical. For example, (the symbol b represents a blank) the computer 
will not recognize bYES and YESb as being identical, even though both 
fields appear to contain only the word "yes". The difference is that 
in the first field, the blank precedes the word, whereas in the second 
field, the blank follows the word. 

Integer fields, as the name implies, are used for integer data. 
One number is read in from each integer field. Only numerics 
(0, 1, 2, 3, etc.), blanks and plus and minus signs (+ and -) may 
appear in an integer field. A plus sign is never required, as an 
unsigned non-zero number will always be assumed to be positive. If 
a plus or minus does appear in the field,, it must appear to the left 
of any numerics, and there may be no more than one sign per field. 

FORTRAN automatically replaces all blanks in an integer field by 
zeroes. So the placement of the characters in the field is significant. 
A number in an integer field should always be right-justified in the 
field. For example, the field b2bb will be converted on input into 
0200, and interpreted by the computer as the number "two hundred". 
If the user intended the number "two", then he should have written it 
as bbb2 or 0002. 

A-l 



Real fields are used for numbers that may have fractional parts. 
One number is read from each real field. Data in a real field may be 
written in three different ways. First, if the number is an integer, 
then it may be written the same as in an integer field, with all the 
rules of integer fields applying. Second, the number may be written 
as a decimal. In this format, only numerics, blanks, a plus or minus 
sign and a decimal point may apoear. As in integer fields, the plus 
sign is not required, there may be no more than one sign per field and 
the sign (if any) must appear to the left of the numerics and decimal 
point. There must be one and only one decimal point oer field, which 
may appear anywhere in the field (except to the left of a plus or 
minus sign) as convenient. Digits to the left or right of the decimal 
point are not required. As with integer data, blanks are replaced by 
zeroes. For example, the number .2 may be written in a four column 
real field in any of the following ways (the symbol b represents a 
blank): .2bb, b.2b, 0.2b, b.20, bb.2. Note, however, the field b.b2 
is converted on input to 0.02, and so is interpreted by the computer 
as ".02" and not as ".2". 

The third method for writing data in a real field, the "E format", 
will not be discussed here. The two methods given should suffice for 
the vast majority of real data encountered in practice. 

Defaults 

Many of the data items have default values. The default value is 
assumed whenever a field is left blank or a non-literal field contains 
the number zero. The default value is generally the one must often 
encountered in practice. Defaults are provided to reduce the amount 
of coding and punching required. 

Error Checking 

The input routines will go through the input data and check them 
for internal consistency and completeness. Further, there are limits 
to the number of data items that the program can handle, and any 
attempt to go beyond those . jnits will be blocked Ly the program. 

Upon detection of an error, the program will print a message to 
the user describing the error. If any errors are detected, the 
program will automatically stop after reading and checking the input 
data. 

SYSIN File 

The SYSIN file contains general system information and infor- 
mation concerning the shifts. The file consists of: a title card; 
two time cards; and shift cards, one for each shift. 

A-2 
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(1) Title Card: 

This card contains a line which is printed on the top of each 
page of output. All eighty columns are used and the field is literal 
Default is 80 blanks. 

(2) First Time Card: 

This card contains one integer field in columns 1 through 4; 
the rest of the card is ignored. The field contains the number of 
days in one month. Default is 20. 

(3) Second Time Card: 

This card contains four integer fields as follows: 

(a) Columns 1 through 4. The number of months on which the 
simulation output is to be based. Default is 1. 

B     (b) Columns 5 through 8. The number of months in the "warm- 
up phase of the program. The simulation starts with no items in the 
system and so it requires a "warm-up" period to get to a steady-state 
condition._ The 'warm-up" months are in addition to the months 
specified in the first field of the card. Only the state of the 
system at the end of the "warm-up8 period is preserved. Results such 
as the number of items produced during "warm-up" are discarded and 
do not appear in the output listings. 

(c) Columns 9 through 12. The total item storage capacity. 
This number is the maximum number of items (of all and any type) that 
can be in the system at one time. Default is 500. Specifying a total 
item storage capacity of more than 500 is an error. 

(d) Columns 13 through 16. Random generator start-up  Th- 
number in this column determine^ the starting point of the random- 
number generator of the program. Default is zero. 

(4) Shift Cards: 

There must be at least one shift card.    Each card has the 
same format: 

* i[/
a^lunins 1 throu9h 8.    A literal field containing the 

name of the shift.    Default is 8 blanks. 

(b) Columns 9 through 16.    A real  field containing the 
number of hours in the shift.    There is no default.    Specification 
of zero or a negative number of hours Is an error 
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(c) Rest of card:    Not read. 

active at midnight 

Crew File 

m.,<t JJ":.",'"' VU consis« "f one crew card for each crew     There 
iSLt.        eaSt 0ne Cre" cartl-   The c"" "^ ha-e ttetil JSg 

literai!' SeS? IstSks'    Sch""8 0f th€ ™-    ^ "'" '» 
use of the same „™ l^J^YTs TIT. "' l;niqUe-    The 

(5) Rest of card:    Not read. 

Facility File 

- at Ml S?g ^Irr K«.^% JI^S. 
is litiJil001^5^ tfr?U9h ?*   B

Fac"^y serial number.    The field 

belw.)- othmriSrl L ? 'Mtllty requires no operators (see 
is no de?auU '1d Cre" "'"* mst Wr '" «>1s field.    There 
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(4) Columns 33 through 40. Maintenance crew. This field, 
which is literal, contains the name of the maintenance crew of the 
facility. This field Is ignored if the facility never fails or if 
the facility does not require repairmen; otherwise a valid crew name 
must appear in this field. There is no default. 

(5) Columns 41 through 48. The mean operating time to failure 
(MOTTF) of the facility in hours. This is a real field. A blank, 
zero or negative number in this field indicates that the facility 
never fails. 

(6) Columns 49 through 56. The mean time_to repair (MTTR) of 
the facility in hours. This is a real field, ihis field is ignored 
if the facility never fails. Default is zero. 

(7) Columns 57 through 60. Minimum entry of the facility. This 
Is an integer field. Default is one. 

(8) Columns 61 through 64. Maximum entry of the facility. This 
is an integer field. Default is to set the maximum entry equal to the 
minimum entry. If the number in this field is less than the minimum 
entry, then the maximum entry is automatically set equal to the 
minimum entry. 

(9) Columns 65 through 68. The maximum capacity of the facility. 
This i5 an integer field. Default is to set the maximum capacity equal 
to the maximum entry. If the number in this field is less than the 
maximum entry, then the maximum capacity is automatically set equal 
to the maximum entry. 

(10) Columns 69 through 72. The number of operators required 
to operate the facility. This is an integer field. Default is one. 
A zero value in this field is automatically changed to one. To 
specify that no operators are required, a negative number (any 
negative number will do^ must appear in this field. Conversely, a 
negative number in this field is automatically changed to zero. 

(11) Column 73. Locking or unlocking. This is a literal field. 
Any non-blank character in this field indicates that the facility 1s 
unlocking. A blank indicates locking. Default is locking. 

(12) Column 74. Disposition at shift change for operation. 
This is a literal field. Any non-blank character indicates 
continuous disposition. A blank indicates halt disposition. Default 
is halt. A facility requiring no operators is automatically made 
continuous disposition regardless of the contents of this field. 

(13) Columns 75 through 78. Number of repairmen required to 
repair the facility. This is an Integer field. This field is 
ignored if the facility never fails. Otherwise, the default is one. 
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in this field.        P re ^^^d. « negative number must appear 

This ii^mlt™ neld^^^^J^JJ Chr3e f0r --tenance. 
Indicates halt disposit on     A bL    !n^ araCter in this f^* 
Default is halt disposS     A facimv^" cont1'nu^s disposition, 
requires no repairmen is autonatf a      ^aL^n r;eVer fai,ls ar*M<* 
regardless of the contents of this field       contlnu0us disposition. 

(15) Column 80: Not read. 

"st,„gs.    otherwise the order [r^'s^fcaV the 0"tPUt 

Process File 

before lower priorities     jheffr? card o9Jer PVorit^ ^e read 
type name card, whose format is: each process file is a 

field. 0LfaC2l1tUni;sS 8 bflnkf ^J^-^ name-    ^is is a literal 
unique, but should be '    ttm't^ ^mes are not required to be 

(2)    Columns 9 throuah 1?      ThQ ^,   • 
tjis type.    The field Is tntelfp   ^SJT f0ra9e "paci^ f^ 
storage^capacity for the type^M ^ r^toSS^ 

field j^g^T^ihe^^T^Si^Jf * "Sral f1eld-    Th^ 
assumed to be the process file of anNtilV0    e/ead in' which ^ 
On subsequent process files   this f?e d Lf Vf hi9heSt pri'oHt^ 
type is to have the same or lower prioH^    hate^Whether the 1t^ 
type     A blank in this field ind^atpfthn    han th^ Previous item 
blank character indicates lower p"ority     ^ priority> W non- 

(4)   Rest of card:    Not read. 

how ra^teTa^lo^e^JXe^ JnU^ ^ ^ ^* 
at least one Item-input card in eaC(l process ^ile6!1-    ^ mSt be 
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Each item-input is specified by four numbers - the number of 
S mbe T^ (N)' the t1'me between 1nPuts W-  the Umelo first input (F). and the step In the production process at which the items 

are to be input. T and F are both in hours. At F hours after the 
start of the simulation, N items are introduced into the system at 
the specified step. Thereafter at intervals of T hours. N Ss are 
introduced. So the first input of N items is made at F houJs the 
second input at F + T hours, the third input at F + 2T hours! etc 
In actuality. N items may not be introduced at each input time. The 
storage capacities are never violated. Only as many items are 
Introduced as would allow the system to stay within the storage 
SSS M!!' ^0r e^mplei lf there are 280 1tems 1n ^e systeS at an input time, the number of items to be input is 30 and the total item 
storagecapacity is 300. then at most 20 items are input. If the 
tSenVhS full.l1-e" at.its total item storage capacity at an Input time, then no items are input. »  r  ji »•. an mHui, 

The item-input cards have the following format: 

• J- P) Column 1. This is a literal field. A blank in Column 1 
indicates that another item-input card follows; any non-blank 
character indicates that no more item-input cards follow. 

(2) Columns 3 through 5. The number of items (N). This is 
an integer field. Default is to set the number of items equal to 
the maximum storage capacity for the type.. 

(3) Columns 6 through 13. The time between inputs (T) in 
hours. This is a real field. Default is to set the time between 
inputs equal to the number of hours in one day. 

(4) Columns 14 through 21. The time of the first input (F) 
In hours. This is a real field. Zero is the default. A negative 
number in this field is changed to zero.       ■ • « negative 

^ u & ^o1umns 22 through 25. The step number of the step at 
which the items are to be input. For an explanation of the term 
step number", see below. Default is the first step to appear in 

the process file. "HHcat 

(6) Rest of card: Not read. 

.*«, Jht I*?  0f-uhe Process fi1e consists of step packets. Each 
step packet describes a step in the production process. There must 
be at least one step packet in each process file. 

The step packet consists of one step card followed by as many 
step-facility cards as required. Each step packet must contain at 
least one step-facility card. The step card identifies and 
descr bes the step. The step-facility cards provide a list of the 
facilities used in the step and give instructions on process times, 
next steps, etc. 
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be used 5n ?Lf ^„    S?Hlated w1th 1t a 1ist of Pennies that may 
«tt»n 3,  ^J ^-    Ihe P™^™ organizes this Information as 
a2!£j «!!*? cof ^t10"5  •    A step-fadltty combination Is an 
ordered pair (x,y) where x 1s a step and y Is a fadlltv usPd In fMf 

P^c^s ^f'daSf Step-facn^ -nb?nat1o^ there^re^rocLle^fol^ 

perfori'lteS STsIng flditt^! iS the len9th Cf ^ requ1>cd t0 

(2)    A next step.    This is the step to which items are nnr-nallv 
routed after completing step x using facility y. nonnally 

"cnH.H3^ A Prot,a,b11^y of splitting.    The user may.  if desired 
tlHl* nf6 1t^S 1eav1n9 fac111^ y ori completion c    step x     So^e 
Items will go the next step, and other Items will  go a "split steo" 

tie %mblllly, 0f Splitttn9 is the Proportion of items till £ to ' 

(4)    A split step. 

.♦♦ <Jh*eSe f?i?r Pie^es of data wil1 be calTed the step-facility 
attributes      It should be emphasized that the step-facility attributes 
are property of the step facility combination and not of the     ep 
fjJil* f&?]]ny Per se-    A step may have several distinct step- 
faci Ity combinations and each combination may have different 
attributes.    For example,  step x using facility y may require one 

aT;imVtePHX-USing fa?1l1ty Z "^requlri tJt> Srs '     mi arly. 
L.h       K^ U^d 1- S^eral steps ^ have different attributes for each combination it defines. •"^^^  roi 

.**  -J^ slep card 1dent^ies the step and defines the default 
ThTltTVr0iuTCh 0f. the sLep'facili^ combinations oflh     step. 
The step-facility cards provide a listing of the facilities used in 
^ St^ a!3d.niar conta1n 1n^rmat1on about the attributes that over- 

rides the default attributes.    In addition to the default attributes 

dPe?aV U      Jn'in^th3^ (the eXP;iClt defaults)'  therea^e'sys e" defau ts built Tnto the pr^ram.    So the step-facility attributes have 

then the program checks to see 1f there is an exDlicit default ^fhi 
step card      If there is no explicit defau ttheSSe system de?aut 
applies.    Entries on the step-facility cards overr de expHcit defaults 
which override system defaults.    The explicit defaults are provided to 
reduce    he amount of coding (and potential  for error).    A stSwlS 20 
facilities requires 20 step-facility cards.     If these all  have the 
same attributes, then the attributed need be codeTonly'Lro^he 
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For each production process, two special steps are automatically 
created, an EXIT step and a SCRAP step. Both of these steps cause an 
Item to leave the system. Items passing through the EXIT step are 
added to the production figures, while Items passing through the SCRAP 
step are not added to the production figures. The EXIT and SCRAP 
steps are created programmatically and require no facilities. The 
user should not attempt to define his own EXIT or SCRAP steps. The 
EXIT step may be specified as a next step and ihe SCRAP step may be 
specified as a split step. 

System defaults for the step-facility attributes are: 

(1) Process time. There Is no default. 

(2) Next step. The step physically following in the process 
file, if there Is one. Otherwise, default is the EXIT step. 

(3) PnobabJlity of splitting. Default is zero, 

(4) Split step. Default Is the SCRAP step. 

The format of the step card is: 

(1) Columns 1 through 4. Step number. This is a literal 
field. Although the term "step number" Is used, the "step number" 
need not be numeric. It can consist of any combination of blanks and 
any characters. For example A?5* Is an acceptable "step number". 
Step numbers are not required to be unique, although two Identical 
step numbers In the same process file can cause unpredictable results. 
However, there are no complications caused by using the same step 
number in different process files. EXIT and SCRAP should not be used 
as step numbers and the step number should contain at least one non- 
blank character. 

(2) Columns 5 through 20. Step name. This Is a literal field. 
This field Is provided purely for the convenience of the user 1n 
interpreting the output listirg- and is not checked by the program. 

(3) Columns 21 through 28. Explicit default process time In 
hours. This 1s a real field. Remember that there 1s no system 
default for process time, so if this field Is left blank, then there 
must be a process time on each step-facility card in the step packet. 

(4) Columns 29 through 32. Explicit default next step. This 
Is a literal field. The word EXIT should be coded here If the EXIT 
step Is desired. Any entry in this field, other than the word EXIT 
or four blanks to indicate system default, must be the step number of 
a step appearing in the same process file as the step card. 
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spmtlnq ^rL^ ^T9fh ?S- ?pl1cit default Pro^biUty of 

(7) Remainder of card. Mot read by the program. 

real fJpiH C05UmnS 10+
through 17. Process time in hours. This is a 

Zll J1e1d- Process times, whether defined explicitly or bv defanl? 
must be posit^e. A zero value in this field causes default.     ' 

the exp^^fe^^IpplfSrl^' COmmentS ^^ to 

(5) 
a 

(5) Columns 22 through 25. Probabilitv of «nHf*.<M  T^J • 

.utCMttcll, cLged to Sne   ""• * Va",e '■'■9er than one ,s 

(6) Columns 26 through 29  ^nHt cfon  rt,^ J.  IJJL 

same process nfe.   ^ the SteP number 0f a steP ^^9  in the 

(7) Remainder of card. Not read. 
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The order of the step packets determines the defaults of the 
next-step attribute, and also the order of the steps In the output 
Itsttngs. The step numbers need not have any relation to the order 
In which the steps are executed. For example, step number 0081 may 
occur before step number 0080, 1f the user so specifies. 

Each process file must be self-contained. It Is not permissible, 
for example, for a step-facility combination in one process file to 
refer to a step In another process file. 

Arrangement of the Input Files 

The input files are placed behind the source and/or object cards 
of the program and their associated control cards. In FORTRAN, data 
files are given special names, which are of the form FTnnFOOl. nn 
represents a two-digit number, called the file number. The file 
number is used by the program to identify the file. At most instal- 
lations, including the Benet Weapons Lab computer, data file number 05 
also has the name SYSIN. 

The input files for PRDLN have the following file numbers: 

05    SYSIN file 

08 Crew file 

09 Facility file 

10 Process file for the first process file 

11 Process file for the second process file (if any); etc. 

The file numb   for the process files begin at 10, and continue 
on as required. The process files must be numbered in order of 
priority of the item types. Thus, file number 10 is assumed to be the 
process file of an item type of highest priority. Process 'lie 
number n must have tn- same or lower priority than process file number 
n - 1. 

The user must also specify one "DUMMY" process file. This is 
an empty file labeled "DUMMY" and tells the program that there are no 
more process files. 
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Shown below is a possible arrangement of input files for a run 
with two process files: 

(Job control cards, program cards and link-editor control cards) 

//G0.FTO8FOO1 DD * 

(Crew cards) 

//G0.FTO9FOO1  DD * 

(Facility cards) 

//G0.FT1OFOO1  DD *        ■ 

(Higher priority process file) 

//G0.FTnFOOl  DD * 

(Second process file) 

//G0.FT12FOO1  DD DUMMY 

//G0.SYSIN DD * 

(SYSIN file) 

/* 

Note that file 12 is a dummy file, indicatino there are only 
two process files. If there are n process files, then file 10+n 
should be declared a dummy file. 

System Limitations 

The following are the maximum values allowed for the current 
version of PRDLN for various parameters: 

number of months 50 

number of shifts 3 

total Item storage capacity                500 

hours per shift n0 lim1t 

days per month no Umit 

number of crews 10 
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number of workers per crew per shift no limit 

number of facilities TOO 

number of steps* 150 

number of step-facility combinations* 600 

number of item types 5 

number of item inputs* 10 

♦totalled over all production processes. 

Any attempt to go over the system limitations will cause the 
program to produce error messages and stop. 

Example of Input Data 

Table A6 is an illustration of a possible input data deck. A 
brief description of some features of the deck will be given below. 

The crew file follows the G0.FT08F001 statement. There are 
three crews named MACHINE, REPAIR and FINISH. The number of crew 
members on each shift follows the name. Thus, the MACHINE crew has 
10 members on the first shift, 5 on the second and 2 on the third. 

The facility file follows the G0.FTO9FOO1 statement. 

The first facility is the cutter, serial number AAB00002. Its 
operator crew is the MACHINE crew, Its maintenance crew is the REPAIR 
crew.  It has a M0TTF of 401.5 hours and a MTTR of 3.2 hours. The 
other entries on the card are left blank, indicating default values: 
minimum entry, maximum entry, maximum capacity and number of operators 
are all 1, the facility is locking and halts at shift change. 

The third facility, the paint brush, has no entries for M0TTF 
and MTTR. So it never fails. Since a facility that never fails does 
not require a mai..:enance crew, no maintenance crew is specified. 

The ovens have a minimum entry of 5, a maximum entry of 10 and 
maximum capacity of 50. This means that items are put into the ovens 
in batches, each batch containing no less than 5 items and no more 
that 10. The ovens are also continuous and unlocking. 
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The first process file follows the G0.FT1OFOO1 card. The items 
for this process file are called "Widget" and have the highest 
priority. There are two Inputs specified (2nd and 3rd cards). The 
first input specifies that 30 widgets are to be introduced every 48 
hours, beginning immediately. The second input specifies 20 widgets 
every 48 hours beginning 24 hours after the start of simulation at 
step 0002. Since from the SYSIN file (see below) it follows that 
there are 24 hours in a day, the inputs in effect specify that 
widgets are to be introduced at the start of the day, with 30 widgets 
being introduced every other day and 20 widgets on the days in between. 

The first step packet is for step 0001, "latho ends". There 
are four facilities available for performing this task, those with 
serial nu.nbsrs AAC34125, AAC49502, AAC49512 and AAC49S04. The step 
requires 1.5 hours on AAC34125 but only 0.5 hour on the others. 
Widgets worked on by AAC34125 will go on to step 0005. The cards 
for the other facilities have no next-step entry; consequently, 
widgets worked on by other facilities are routed to 0C03, which is 
the next step specified on the step card. 

The step card for step 0005, "cut slot", specifies that the 
output of that step is to be split. As the step facility cards have 
no splitting entries, the split applies to both facilities used for 
this step. The probability of splitting is 0.3 and the split step 
is 0007. This means that 0.3, or 30%,  of the items passing through 
step 0005 will be routed to step 0007 upon completion of step 0005. 
The remaining 70% will go on normally to the next step, defined by 
system default to be step 0006. 

Step 0010, "drill mid holes", also has a split. However, here 
the split step is "SCRP", the SCRAP step. The probability of 
splitting is 0.01, or ]%.    So }% of the item passing through step 0010 
will be scrapped after completion of step 0010. 

According to the G0.FT11FOO1 card, file 11, which would normally 
contain the second process file, is a dumrny. I.e., it is empty. So 
there are no more process files. 

The SYSIN file follows the G0.SYSIN card. The first card is the 
title that will appear on each page of output. The second contains 
the number of days in a month, 30. The third card specifies that the 
results of the simulation are to be based on 12 months, that 2 months 
are to be allowed for warm-up to get to a steady state condition 
(giving 14 months altogether, the results of the first 2 being 
d1scarded)and that the total item storage capacity is 200. 

The shift cards follow. The first shift is called "Days" and 
lasts for S hours. The second shift is called "Evenings" and lasts 
for 8 hours, etc. 
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TABLE Al 

SYSIN File Formats 

Card 
Column Contents          Default 

Card 1 

Format 

1 - 80 Title               80 blanks 

Card 2 

Literal (10A8) 

1 - 4 Number of days per month  20 Integer (14) 

5 - 80 Not read 

Card 3 

1 - 4 Number of months' simu-   1 
latlon on which output 
1$ to be based 

Integer (14) 

5-8 Number of months for     1 
warm-up 

Integer (14) 

9 - 12 Total Item Storage     500 
Capacity 

Integer (14) 

13 - 16 Random generator        0 
starting point 

Integer (14) 

17 - 80 Not read 

Card 4 and following 
(shift cards) 

1 - 8 Shift name          None Literal (A8) 

9-16 Hours in the shift     None Real (E8.0) 

17 - 80 Not read 
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TABLE A2 

Crew Card Format 

Card 
Column Contents Default Format 

1 - 8 Crew name None Literal (A8) 

9 - 12 Number of members on 
first shift 

0 Integer (14) 

13 - 16 Number of members on 
second shift (If any) 

0 Integer (14) 

17 - 20 Number of members on 
third shift (If any) 0 Integer (14) 

21 - 80 Not read 
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TABLE A3 

Facility Card Format 

Cai 
Col 

-d 
jmn Contents Default Format 

1 - 8 Serial number None Literal (^8) 

9 - 24 Facility name None Literal (2A8) 

25 - 32 Operator crew None Literal (AS) 

33 - 40 Maintenance crew None Literal {A8) 

41 - 48 Mean Operating Time to 
Failure (MOTTF) 

No failure Real (E8.0) 

49 - 56 Mean Time to Repair (MTTR) 0 Real {E8.0) 

57 - 60 Minimum Entry (MINENT) 1 Integer (14) 

61 - 64 Maximum Entry (MAXENT) MAXENT=MINENT I.iteger (14) 

65 - 68 Maximum Capacity (MAXCAP) MAXCAP=MAXENT Integer (14) 

69 - 72 Number of Operators* 1 Integer (14) 

73 Locking or Unlocking** Locking Literal (Al) 

74 Disposition at Shift 
Change for Operation*** 

Halt Literal (Al) 

75 - 78 Number of Repairmen* 1 Integer (14) 

79 Disposition at Shift 
Change for Repair*** 

Halt Literal (Al) 

* To specify none, place a negative number in this field. 
** Any non-blank character 1n CC73 Indicates unlocking. 
*** Any non-blank character indicates continuous. 
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TABLE A4 

Step Card Format 

Card 
Column Contents Default Format 

1 - 4 Step number None Literal (A4) 

5-20 Step name None Literal (2A8) 

21 - 28 Process ftme None Real (E8.0) 

29 - 32 Next step * Llterai (A4) 

33 - 36 Probability of splitting 0 Real (E4.0) 

37 - 40 Split step SCRAP Literal CA4) 

41 - 80  Not read 

* Default Is the next step physically following, If there Is one; 
otherwise EXIT. 
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TABLE A5 

Step-Fad!Uy Card Format 

Card 
Col jmn 

1 

2 - 9 

10 - 17 

18 - 21 

22 - 25 

26 - 29 

30 - 80 

Contents 

Type of next card* 

Facility serial number 

Process time 

Next step 

Probability of splitting 

Split step 

Not read 

Default 

Blank 

None 

*** 

Format 

Literal (Al) 

Literal (AS) 

Real (F.8.0) 

Literal (A4) 

Real (E4/0) 

Literal (A4) 

* A blank indicates that the next card is also a step-facility card; 
any non-blank character indicates that the next card is not a 
step-facility card. 

** Default is provided by the process-time entry on the step card, if 
one is provided; otherwise there is no default. 

Default is provided by the corresponding entries on the step card 
or by their defaults. 
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APPENDIX B 

SAMPLE OUTPUT FROM PRDLN 

_ In this appendix, the output from the program PRDLN will be 
described. As an example, we use the output given by the input dp-k 
used as an illustration in Appendix A. This output is shown' in 
Figure Bl. 

Some general comments: First, the output has been designed so 
that each page may be reproduced on an 8-1/2" X 14" sheet of paper 
the 14" side on the horizontal. Second, the date that apsears'on each 
page of the sample output was taken from tne title card of the input 
deck. The program will not produce dates on its own. The page numbers 
are produced automatically. The program produces all output on data 
set 6, which is assumed to have logical records of 133 byt^s fixed 
length with ASA control characters in the first byte of each logical 
record. The user may direct output as desired by modifying the 
FT06F001 data definition in the G0 step, provided the desired output 
medium can handle logical records of fixed length of 133 bytes. 

On the sample output, each block of output conveniently fit on 
one page. If a block of output cannot fit entirely on one page, then 
continuation pages with the appropriate headings are produced. Page 
numbering is sequential. Consequently, the "facility failure data", 
for example, which appears on the sample output on page 5, may not be 
on page 5 in all output listings. Recall that the program requires a 
warm-up period to get to a steady state condition. The results of 

the warm-up period are not included in and do not contribute to any of 
the statistics in the output. 

All times mentioned in the output listings are in hours, unless 
specifically labelled otherwise. 

General System Information and Shift and Crew Data 

The first block o' data, appearing on pace 1 in the sample, 
contains general information and data concerning shifts and crews. All 
of this data up to and including "numbers of crew members" are taken 
from the input data, and should be self-explanatory. 

„ .Tlie table labelled "average number of active workers per unit 
Item is generated by the program. The numbers In these tables are time 
averages. In general, let f(t) be some function of time, t. If ti and 
t2 are times and t^t^ then the time average of the function f over 
the time Interval from t-i to t2 is defined as: 
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The time average gives a "typical" or "central' value of the 
function f as it varies over tine, just as the famHIar arithmetic 
average gives a "typical" or "central" value of a set of numbers. 

For the "number of active workers per unit time" table, the 
function f(t) is the number of active workers at time t. The figures 
in the table provide one measure of how busy the workers are. For 
example, on the "machine" crew on day shift, 8.91 workers out of 10 
are active, on the average. Consequently, the workers on this shift 
and crew are kept fairly busy. On the other hand, on the repair 
crew on day shift, only 0.11 workers out of 3 are active, on the 
average. This would suggest that the "repair" crew might be over- 
staffed on day snift. 

Production Processes 

The next blocks of data to be printed are the production 
orocesses. In the sample, there is only one production process, 
which appears on page 2. The data on this page with the exception of 
the "percent taken" column are taken from the input deck, ^ote that 
all values not specified in the input deck have been filled in with 
their defaults. 

Recall that the facilities for each step are alternatives. For 
each step, only one of the listed facilities will be used for each 
item passing through the step. The "percent taken" column gives the 
percentage of times that a particular alternative was selected. For 
pxamole in the first step, number 0001, these are four facilities. 
?he first Sne. serial AAC34125, was selected 11.3% of the time  The 
second one, serial AAC49502, was selected 24.6% of the time. etc. 

Facility Characteristics 

The next block of data is the facility characteristics, which 
appear on page 3 in the sample. This table lists the options chosen 
by the user, either explicitly or by default, for each facility. 

Facility Failure Data 

The next block of data is the facility failure data, which 
appears on page 4 of the sample. These data consist of both input 
data and values calculated by the program from the simulation. First 
let us define some terms. 

A facility is "in use" or is being "operated" whenever it is 
actively processing items. The facility is not considered to be in 
use" when it is in a halted or down condition. The facility is 
"waiting for maintenance" when it has gone down (i.e., experienced a 
failure) but repair or maintenance has not yet begun. The facility s 
in "act ve maintenance" whenever it is down and repairmen are actually 
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working on it to restore it to service. The terms "repair" and 
"maintenance" are used interchangeably, since the current version of 
PRDLN does not distinguish between scheduled and unscheduled outages. 
The "total time" will refer to the total time over which the facility 
was observed. 

The "mean operating time to failure" (MOTTF) is defined by: 

total time in use 
MOTTF = number of failures 

There are two MOTTF entries labelled "input" and "simulated". The 
"input" column is the MOTTF specified by the user in the input deck. 
This column is filled with asterisks if the user specified that the 
facility never failed. The "simulated" MOTTF is the MOTTF observed 
by the program during the simulation. The input and simulated values 
will generally be different because the program generates random 
variables for times between failure. 

The "mean time to fail" (MTTF) is given by: 

MTTF - total time not in active maintenance 
number of failures 

MTTF 1s calculated from the simulation data. Note the difference 
between MOTTF and MTTF: The MOTTF is the average time in use between 
failures, whereas MTTF is the average total time between failures, 
excluding time in active maintenance. Both MOTTF and MTTF are 
measures of how often a facility fails, but they are not equivalent 
and not equally useful in all contexts. For example, we may have a 
facility with a fairly low MOTTF, but which is used relatively little. 
This means that one gets relatively little use out of the facility 
between failures. However, because it is used relatively little. Its 
failures will be far apart in absolute time, i.e., its MTTF will be 
high. The MTTF is of greater use than MOTTF in the allocation of 
repair and maintenance resources, since a facility that fails relative- 
ly seldom (high MTTF) will make relatively little demand on the 
repair resources, regardless of its MOTTF. 

The simulated MOTTF and MTTF columns are filled with asterisks 
whenever the facility has not failed during the simulation. 

The "mean time to repair" (MTTR) is defined by: 

MTTD   total time in active maintenance 
miK '     number of failures 

The MTTR is a measure of how long the facility stays down after it has 
failed. MTTR, like MOTTF, is given as "input" and as "simulated". 
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The input MTTR is the value specific by the user in the input deck. 
This column is filled with asterisks If the user specified that the 
facility never fails. The simulated MTTf? 1s the MTTR actually 
calculated from the simulation data. SI, ce the program generates 
random variables for repair times, the input and simulated MTTR s wi11 
generally differ. The simulated MTTR column is filled with asterisks 
if the facility rever failed during the simulation. 

The "mean waiting time to maintenance" (MWTir) is defined by: 

nrr-ru   total time waiting for maintenance 
"W™ =  number of failures 

MWTTM is calculated from the simulation results. It is one measure 
of the effectiveness of a maintenance pel icy. The MWTTM column is 
filled with asterisks if the facility never failed during the 
simulation. 

The term "average number of failures per month" should be 
self-explanatory. 

Facility Usage Data 

The facility usage data is the next block of data and appears 
on pages 5 and 6 in the sample. The terms used are defined by: 

^■•J 4.-   , + „  - total time in use 
utilization rate total time  

total time in active maintenance 
maintenance rate  -      j^jji tinie 

tota 1 time waiting for maintenance 
awaiting-maintenance rate = toval time 

idle rate = 1 - sum of the other three rates 

Each of the four rates is broken down by shift. The "overall" 
columns give the rates not broken down by shift. For example, the 
first facility listed in the sample (serial number AABOOOCte) has an 
overall utilization rate of 25.5%. This means that 25.5% of the time 
AAB00002 was in use. Its overall maintenance rate is 0.4%. 'his 
means that 0.4% of the time AAB00002 was in active maintenance. The 
idle and awaiting maintenance rates are similarly interpreted. 
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Queue Data 
ThP next block of data, queue data, appears in the sample on 

7     LrTn  that each step In each production process has a page 7.    Recall that eacn awsy i" r . The item5 are 
5ueue--a v;aiting area where ^ems ^a^t for .erv ce ^ 
placed in queue for a step as *0f f J^y fge^ * in S9rv1;ce 
previous step and leave the queue as soon as they can o ^ 

S ^ ZWIZ l^^-^-e-anfdoes^ return to queue if the 

facility halts. 

monent.    The "waUmg time   of an item - ^-^ f h step 
item spends waiting ^ the ^eue     Jhe J^f g^ St|he everage 
an average queue length an av rage waU.ng^ ^ ^ ^ 

queue  length is * J^f*^*      .    Note that average queue length 
are "usually" waiting at ^ que^-    l™1- .j      average!    For example. 
is not a maximum queue l6^"    I^1S

fo
a

r r"tFof? time m not an Usually long queue which lasts for a very snori L ,      w 
have much effect on the average. 

ZT^TZ X^lll ^Su^^SSdle th. toandS on the.. 

The average »aUing time is a |&i^i."7t'^s
!J()t

S,Slc.te 
average t1» that eajj! 't™ "a

f     h "r J   tTa ?'it m can bTwaiting 

-J^irp; t =;£ ^^^ 
average queue length and JJf^e wa^ng partTcular, this 
^r^rnorrSm^v^s *<£* .-i«iS in *.» 
queue or any other such quantity. 

Production Data 
The final block of data is ^e production data   .shown on 

page 8 m the sample     ^n ^^^^^ ^VQ   ^ 
through the EXIT step.   The EXIT step is J jr » ite„s 

step added to the end of eachP^^ctJ0n
DaSnq through either the EXIT 

do not include the warm-up months. 
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Simulation results begin with the "average number of items 
produced per month". This term should be self-explanatory The 
_average number of items in the system per unit time" is a time average 
The number of items in the system at any time includes all the items in 
the queues and in the facilities. 

Under "number of items produced each month in chronological 
order is a list of items produced. The first entry is the number of 
items produced in the first month after warm-up. The second entry is 
the number of items produced in the second month after warm-up, etc 
A noticeable trend in tnese values (other than cyclic trends) may mean 
that the system has not reached a steady-state condition after warm-uo. 

The last table in the block of data summarizes the production 
figures. "N" in the column headings refers to the numbers listed in 
the first column. The entries in the last column, the "estimated 
probability of producing N or more items in one month" is calculated by 
formula: J 

number of months in which N or more items were produced 
total number of months 

This last column is important in determining how often a production goal 
will be met. For example, if the widget manufacturer was required 
to produce 740 widgets each month, the simulation suggests that he 
could meet this requirement about 83°-; of the time. 
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